We propose an experiment for investigating how objects cool down toward the thermal equilibrium with its surrounding through convection. We describe the time dependence of the temperature difference of the cooling object and the environment with an exponential decay function. By measuring the thermal constant τ , we determine the convective heat-transfer coefficient, which is a characteristic constant of the convection system.
Introduction
In the last years, an increasing number of researchers are involved in programmes aimed at saving energy and reducing emission of carbon dioxide in the atmosphere. In this context, the challenge to sustainability was issued by the U4energy Project [1] , an initiative funded through the Intelligent Energy Europe Programme of the European Union [2] .
Recently, scientific interest in the study of energy efficiency of houses has increased substantially since, in many countries, a large percentage of energy consumption is due to heating and cooling of buildings [3] . For this reason, the research to improve the energy efficiency of buildings is a challenge for the next future. The main process of energy exchange involved in home conditioning is convection. Both natural and forced convection systems are employed in a common home heating system: e.g. hot water is circulated through radiators by forced convection, while warmed air rises by natural convection.
In this article we propose an experiment to measure the convective heat-transfer coefficient, which is a characteristic constant of convection systems. This experiment can be also used as a laboratory introduction to exponential decay functions [4] . The activity has been carried out together with students of secondary school, in the framework of the Italian National Plan for Scientific Degrees [5] .
Simplified model for cooling of objects
Thermal energy is exchanged between two systems via conduction, convection and radiation [6] . In the case of cooling objects, from calorimetric relations one has that the heat released by the object is proportional to the temperature variation of the body assuming that the heat transfer is slow enough to maintain the temperature uniform within the
where m is the mass and c the specific heat of the object.
The energy flow H can be written as
obtained by equation (1) for ∆T → 0. The negative sign indicates that the temperature decreases when the energy flows from the body toward outside (that is, when H > 0).
A comprehensive study of the heat transfer problem has been discussed by Vollmer [7] .
The author has shown that for convective heat-transfer coefficient
a simple exponential cooling seems to work quite well for ∆T < 100 K. In this case, the contribution to the energy exchange through radiation is about 10% of convection and it becomes larger in the case of lower heat-transfer coefficients [7] . Therefore, for
, small ∆T and for systems in which the emissivity coefficient ε is smaller than the ideal black-body coefficient (ε = 1) the energy exchange by radiation can be neglected.
Following the simplified model for cooling of objects proposed by Vollmer, neglecting the contribution of radiation, one has
where A is the surface through which the heat flows, T (t) the temperature of the external surface of the body at the time t and T a the ambient temperature.
Equation (3) can be rewritten as follows
where we have introduced the thermal time constant τ as
1/(h conv A) is the "thermal resistance" and mc the "thermal capacitance" [8] . The time constant τ indicates that large masses m and large specific heats c (large thermal capacitances) give rise to slow temperature changes, whereas large surfaces A and large thermal transfer coefficients h conv (small thermal resistances) give rise to fast tempera-ture changes. By supposing that T a is constant and replacing ∆T ≡ T (t)−T a , the solution of equation (4) is
where ∆T 0 is the initial temperature difference, at t = 0.
In other words, the object reaches the same temperature of the ambient following an exponential law determined by the characteristic thermal time constant τ . By measuring τ , from equation (5) we can determine the convective heat-transfer coefficient.
We would like to remark that the exponential dependence is valid for small temperature differences between the object and its surrounding. In case of large temperature differences, different behaviors are observed [7, 9] . An analytical solution of cooling and warming laws has been recently proposed by Besson [10] .
Experimental apparatus and results
The experimental apparatus consists of three containers of different material and a com- 
Discussion
The variation with time of the temperature of a liquid that cools in an environment at lower temperature can be described by an exponential law if the temperature difference between the object and the ambient is small. An exponential law is peculiar of all the transitory phenomena that concern the evolution of the system toward an equilibrium state, or a stationary state. Similar temporal dependencies can be observed in mechanical systems such as a falling body in a viscous medium, as well as in electric circuits such as the charging and discharging process of electric capacitors in a RC circuit, etc. Since there is a common mathematical description for all these phenomena, it would be very fruitful for students to note that the same equations can describe experiments lying in different realms of the physics which, therefore, admit the same solution: in this case an exponential decay [4, 7, 8] .
By fitting the experimental data with equation (6), we have obtained the values of τ . As it can be seen in figure 2, the temperature variation follows an exponential decay quite well. To determine the values of h conv , we have to include also the mass m c and heat capacity c c of the containers used in the experiment. From equation (5) we have
Since we need the lateral surface A of the containers in contact with water through which the heat flows, we have determined the lateral surfaces by measuring the height l of the water in the three containers and multiplying it by the external circumference of each container. The values are shown in table 1.
In table 2, we report the values of τ determined by best fitting the experimental data and h conv obtained by (7), for each container. In figure 2, we report the curves (lines) calculated by equation (6), using the estimated characteristic time τ for each data set.
We would remark that we have considered infinite the thermal conductivity of the containers, that is the temperature of the outer surface of the container is equal to the temperature of the inner surface, and supposed that the temperature of the cooling liquid was uniform in each point and on its surface at any time and that it uniformly changes with time [13] . Furthermore, the proposed model does not take into account energy exchange through radiation; therefore, the values of the heat-transfer coefficients we have determined could be affected by an uncertainty larger than that indicated in table 2, especially for plastic and polystyrene containers since for them h conv < 30 W m −2 K −1 .
Conclusion
We have performed an experiment for investigating how objects cool down toward the thermal equilibrium with its surrounding. We have described the time dependence of the temperature difference of the cooling objects and the environment with an exponential decay function. By measuring the thermal constant τ , we have determined the convective heat-transfer coefficient characteristic of the system. As expected, water in the container made of expanded polystyrene cools down at the slowest rate, whereas in the container made of glass cools down at the fastest rate. The proposed model can be applied for the experimental determinations of such coefficients using different containers under various experimental conditions. This activity can be also used as a laboratory introduction to exponential decay functions for high-school students. Although the simplified model is valid for convective heat-transfer coefficient of about 30 W m −2 K −1 and for ∆T < 100 K, that is when the energy exchange by radiation is negligible, it could be easily performed at schools allowing teachers to discuss energy exchange processes and it might contribute to increase the awareness of students toward energy saving and sustainability issues.
